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Abstract 
The atmospheric photo-oxidation of 2-aminoethanol (MEA, NH2CH2CH2OH) was 
studied at the European Photochemical Reactor, EUPHORE, in Valencia (Spain). The 
experiments were carried out under different atmospherically relevant NOx conditions. 
The photo-oxidation was monitored in situ by FT-IR and on-line by PTR-TOF-MS, and 
samples were collected on various adsorbents for subsequent off-line analysis. The 
formation of particles was monitored by SMPS and AMS on-line instruments and filter 
sampling followed by LC/HRMS(TOF) analysis. The obtained results suggest that more 
than 80 % of the reaction between MEA and OH radicals takes place at –CH2–, while 
less than 10 % occurs at –NH2 and at –CH2OH, respectively. The major observed 
products (>80 %) in the photo-oxidation were formamide (NH2CHO) and formaldehyde 
(CH2O). Minor detected products (<10 %) were amino acetaldehyde (NH2CH2CHO) and 
2-oxo acetamide (NH2C(O)CHO). 2-nitroamino ethanol, O2NNHCH2CH2OH, was 
confirmed as product in the experiments. 
© 2010 Elsevier Ltd. All rights reserved 
 
Keywords: MEA; 2-aminoethanol; CO2 capture; Atmospheric chemistry; Atmospheric degradation; 
 
* Corresponding author. Tel.: +47-2285-5680; fax: +47-2285-5441. 
E-mail address: claus.j.nielsen@kjemi.uio.no.
c⃝ 2011 Publish d by Elsevier Ltd.
Energy Procedia 4 (2011) 2245–2252
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.113
Open access under CC BY-NC-ND license.
 Nielsen et al./ Energy Procedia 00 (2010) 000–000 
2 
1. Introduction 
CO2 capture employing amine-based technology may have effects on the environment through amine 
emissions to the atmosphere.  A screening study has revealed that the photo-oxidation of amines emitted to 
air may result in malevolent compounds such as N-nitroso amines (nitrosamines), N-nitro amines 
(nitramines) and N-nitro amides (nitramides), all having unwanted effects on the environment and human 
health [1].  The effects are, however, difficult to evaluate because little is known about the specific 
compounds and their production rates in the atmospheric amine photo-oxidation.  
MEA (2-aminoethanol) is often considered a benchmark solvent for post combustion CO2 capture. To 
the best of our knowledge, there are no previous experimental studies of the atmospheric photo-oxidation 
of MEA and nothing is known about the toxicity of the N-nitro amine (O2NNHCH2CH2OH) and the N-
nitro amide (O2NNHC(O)CH2OH) that may possibly be formed in the atmospheric photo-oxidation of 
MEA.   
We have previously reported detailed theoretical schemes for the atmospheric photo-oxidation of MEA 
[2].  In the present communication, we report the first results from experimental studies of the fate of MEA 
released into the atmosphere. 
2. Experimental 
A series of photo-oxidation experiments were carried out at the European Photochemical Reactor 
(EUPHORE) in Valencia, Spain in the periods May 6-27 and September 3-13, 2009. The EUPHORE 
facility includes two ~200 m3 hemispherical outdoor chambers constructed from Teflon film for 
photochemical studies, offering a range of analytical instrumentation for in situ (FT-IR) and on-line 
detection of chemical components and particles in the chamber (GC-MS, SMPS, TEOM), and monitors for 
actinix flux. Routinely monitored gas phase species include CH2O, NOx, NOy, CO, H2O, O3 and HONO.  A 
detailed description of the EUPHORE facility and the analytical instrumentation is available in the 
literature [3-7].  In addition, the reactor air was monitored continuously by a High-Resolution Proton-
Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS) and an Aerosol Mass Spectrometer 
(AMS), and further sampled 3 times per day on various adsorbents for subsequent analysis of amines, 
nitrosamines, nitramines, carbonyls, and VOCs.  For details on instrumentation and analytical methods, see 
Nielsen et al., 2010 [8]. 
3. Results 
Figure 1 illustrates a typical time series of data produced by the PTR-TOF-MS instrument. The figure 
shows the time evolution of MEA (detected as protonated MEA at m/z 62.060), an inert dilution tracer 
(acetonitrile, CH3CN, detected as protonated acetonitrile at m/z 42.034), and the major products ion signals 
observed during a photo-oxidation experiment on May 10, 2009. In addition to the MEA signal, the PTR-
TOF-MS instrument registered an ion signal at m/z 60.044 (C2H6NO+) when MEA was added to the 
chamber; the sample purity was >99% and the finding suggest a rapid formation of an impurity during 
injection. Assuming that this ion corresponds to a protonated parent molecule potential neutral precursors 
are: NH2CH2CHO, NH2C(O)CH3, CH3NHCHO, c(-NH-O-CH2-CH2-), HN=CHCH2OH, and c(-O-CH2-
CH-)NH2. Analyses of Tenax TA adsorption tubes and DNPH cartridges collected before the opening of 
the chamber canopy revealed no traces of the more obvious candidate NH2CH2CHO. The m/z 60.044 
signal, Figure 1, displays a quite different time profile than the MEA signal. First, it is clear from the figure 
that the ion signal stems from more than one single compound; second, the unidentified compound 
appearing simultaneously with MEA during sample injection is orders of magnitude less reactive than 
MEA ruling out the imine HN=CHCH2OH. Analyses of Tenax TA adsorption tubes and DNPH cartridges 
collected after opening of the chamber canopy revealed small amounts of NH2CH2CHO, and we attribute 
the additional m/z 60.044 signal appearing upon MEA photo-oxidation (i.e. the signal deviating from the 
interpolation line between 10:50 h and 15:30 h in Figure 1) to this short-lived intermediate. 
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Figure 2 summarizes the differences between the PTR-TOF-MS spectra obtained at the end and at the 
beginning of the time frame “Analysis” indicated in Figure 1. The signals have been normalized to the loss 
in the major MEA signal at m/z 62.060. Only three other ions were detected with m/z´s corresponding 
exactly to those of theoretically predicted products [2], highlighted in blue in Table 1. The ion at m/z 
31.018 corresponds to protonated formaldehyde, the m/z 46.029 ion is assigned to protonated formamide, 
and the ion at m/z 74.024 is assigned to protonated 2-oxo acetamide (NH2C(O)CHO). The time evolutions 
of the latter two ion signals, Figure 1, do not correlate during the photolysis period: the m/z 74.024 ion 
signal is clearly delayed relative to the m/z 46.029 signal (protonated formamide). Formamide is a primary 
photo-oxidation product, while 2-oxo acetamide, is, at least in part, a secondary photo-oxidation product. 
The MEA nitramine, O2NNHCH2CH2OH, was unambiguously identified by PTR-TOF-MS and in the off-
line analyses as a minor product in the MEA photo-oxidation, 0.4 % of ΔMEA in the present experiment. 
The MEA nitrosamine, ONNHCH2CH2OH, was never unambiguously detected by any method in any 
experiment.  
 
Figure 1  Time evolution of MEA (m/z 62.060), acetonitrile (m/z 42.034), “unidentified” (m/z 60.044), 
and the two products formamide (m/z = 46.029) and 2-oxo acetamide (m/z  74.024) as 
measured by PTR-TOF-MS. Data from the photo-oxidation experiment on May 10, 2009. 
Figure 2 Normalized difference in mass spectra measured during the photo-oxidation of MEA on 
May 10, 2009. Signals smaller than 1% of ΔI62.060 (MEA) have been omitted. 
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Table 1  Observed ion signals larger than 1% of ΔI62.060 (MEA) in MS measured during the analysis time 
span during the photo-oxidation of MEA on May 10, 2009. 
m/z Ion formula Off-line 
confirmation 
Potential neutral 
precursor 
Comments 
18.034 H4N  ammonia 
aminoacetaldehyde 
2-imino ethanol 
surface chemistry (?) 
ion chemistry (?) 
ion chemistry (?) 
29.998 NO  nitrogen dioxide HONO formation(1) 
31.018 CH3O DNPH-method formaldehyde partly chamber artefact(2)  
32.049 CH6N Filter-method methylamine artefact(3) 
42.034 C2H4N Tenax-method acetonitrile dilution tracer 
44.049 C2H6N  MEA [MH+-H2O] 
45.034 C2H5O Tenax-method 
DNPH-method 
 
acetaldehyde 
oxirane 
ethylene glycol 
partly chamber artefact(1) 
surface chemistry 
[MH+-H2O], surface 
chem. 
45.993 NO2  nitric acid NO2+OH  HNO3 
46.029 CH4NO Tenax-method formamide  
47.013 CH3O2 Tenax-method formic acid chamber artefact(2) 
48.009 H2O2N  nitrogen dioxide HONO formation(1) 
59.049 C3H7O DNPH-method acetone chamber artefact(2) 
60.044 C2H6NO DNPH-method 
Tenax-method 
amino acetaldehyde 
acetamide 
2-imino ethanol 
 
61.028 C2H5O2 DNPH-method 
Tenax-method 
glycolaldehyde 
acetic acid 
surface chemistry 
chamber artefact(2) 
62.060 C2H8NO Filter-method MEA  
63.044 C2H7O2 Tenax-method ethylene glycol surface chemistry 
63.063 13CCH8NO Filter-method MEA 13C-MEA 
65.024 CH5O3  formic acid [MH++H2O] 
chamber artefact(2) 
72.044 C3H6NO Tenax-method 
 
4,5-dihydrooxazole 
(or isomer) 
condensation product 
74.024 C2H4NO2 DNPH-method 
 
2-oxo-acetamide 
(or isomer) 
 
74.060 C3H8NO   condensation product 
81.045 C4H5N2 Tenax-method 
 
pyrazine 
(or isomer) 
condensation product 
86.060 C4H8NO Tenax-method 4,5-dihydro-2-
methyloxazole 
(or isomer) 
condensation product 
87.045 C4H7O2    
88.039 C3H6NO2 
Tenax-method 
 
2-oxazolidone 
(or isomer) condensation product 
88.076 C4H10NO   condensation product 
90.055 C3H8NO2   condensation product 
102.055 C4H8NO2   condensation product 
104.071 C4H10NO2 
Tenax-method 
 
N-acetylethanolamine 
(or isomer) condensation product 
(1) 2 NO2 (gas) + H2O (surface) → HNO2 (gas) + HNO3 (surface); H3O+ + HNO2 →  H2O2N+ + H2O; H3O+ 
+ HNO2 → NO+ + H2O + H2O. (2) Chamber artefact: a product that is also observed when the clean 
chamber (filled with zero air only) is exposed to sunlight. (3) Artefact from a previous experiment; not seen 
during later experiments 
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Nine of the observed “product ion” signals stem, unexpectedly, from N-containing C3 and C4 
compounds. These signals are highlighted in red in Figure 2 and Table 1, and are explained by 
condensation reactions on particles, chamber walls and possibly also instrument inlet surfaces. 
Experiments with stable isotopologues of MEA showed that these compounds originate from surface-
assisted condensation reactions between MEA, various aldehydes, ketones, carboxylic acids and imines in 
agreement with the results of a recent in situ study demonstrating a fast surface-catalyzed reaction between 
2,2-dimethylpropanal and methanamine [9]. A similar observation of products with more carbon atoms 
than the reactant was also made by Pitts et al. in their diethylamine photo-oxidation study [10]. The 
integration of in situ, on-line and off-line techniques made it possible to identify or tentatively identify 
nearly every ion signal (Im > 1% of ΔI62.060 (MEA)) registered by PTR-TOF-MS and to resolve ambiguities 
related to structural isomerism (see Table 1).  
The photo-oxidation of MEA is initiated in H-abstraction reactions by OH radicals: 
NH2CH2CH2OH + OH 
k1
⎯ → ⎯  NH2CH2CH2
 ·O + H2O (1) 
 k2
⎯ → ⎯  NH2CH2
 ·CHOH + H2O (2) 
 k3
⎯ → ⎯  NH2
 ·CHCH2OH + H2O (3) 
 k4
⎯ → ⎯  ·NHCH2CH2OH + H2O (4) 
There is no experimental value for ktot = k1 + k2 + k3 + k4. However, the absolute value of ktot is not 
pertinent to deriving the relative importance of the four reaction routes. The total reactive loss of MEA 
from the gas phase depends upon ktot times [OH]t; the branching ratios only depend upon the relative values 
of k1 - k4 and are thus independent of [OH]t. 
Results from modelling the observed product distribution in four selected experiments are summarized 
in Table 2 (see Nielsen et al. [8] for details). Considering the very different experimental conditions the 
derived branching ratios have an acceptable scatter and a conservative statement will be that the branching 
ratios in the OH initiated H-abstraction from NH2-CH2-CH2OH are: <10 % from -NH2, >80 % from -CH2-, 
and <10 % from -CH2OH.  It is stressed that the branching ratio k4/ktot is an upper limit.  
Table 2  Branching ratios in the NH2CH2CH2OH reaction with OH radicals inferred from the  
observed product distribution. 
 Date NO/NO2 (/ppbV at start) (k1 + k2)/ktot k3/ktot k4/ktot 
 10.05.2009  300 / 50 0.08 0.80 0.12 
 11.05.2009 700 / 350 0.05 0.87 0.08 
 14.05.2009 1300 / 20 0.06 0.83 0.07 
 15.05.2009 5 / 10 0.12 083 0.05 
 Average  0.08 ± 0.03 0.84 ± 0.03 0.08 ± 0.03 
In the experiments reported here, 20-50% of the MEA gas phase removal was due the chemical reaction 
with OH radicals, Table 3. A substantial fraction of MEA, 10-40%, was converted into particles, while the 
remaining 30-70% of the initial MEA amount was lost to the walls or by dilution through the 
replenishment flow. The MAFOR aerosol model [11] was employed in the determination of the MEA mass 
balance during photo-oxidation experiment. The main sources of uncertainty in the mass balance 
calculations are the rate constant of the OH+MEA reaction and the MEA wall loss rate. The formation of 
secondary (non-salt) organic aerosol from the photo-oxidation of MEA was found to be small (6% or less), 
confirming earlier results by Murphy et al. [12]. For further details, see Nielsen et al. [8]. 
Table 3  Mass balance of MEA in May experiments in percentage: chemical reaction, 
conversion to particulate phase and wall loss (including dilution loss). The first 
three hours of the sunlit experiment were used to derive the mass balance. 
 Date Chemical reaction (%) Particle conversion (%) Wall loss (%) 
 10.05.2009  51 21 28 
 11.05.2009 31 36 33 
 14.05.2009 42 5 53 
 15.05.2009 16 13 71 
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Figures 3-5 summarises the gas phase degradation routes of MEA derived from analyses of the various 
photo-oxidation experiments of MEA and MEA isotopologoues. 
Ozone formation was also observed in several MEA photo-oxidation experiments revealing that MEA is an 
efficient ozone precursor. In photo-oxidation experiments with initial MEA : NO2 ratios < 5.5 : 1, OH 
radicals react predominantly with NO2 to give nitric acid, whereby both radicals and ozone pre-cursors are 
removed and, consequently, ozone formation is slowed down. Figure 6 shows the ozone production in an 
experiment in which the MEA mixing ratio was about 600 ppbV, the initial NO was about 30 ppbV, and 
the photolysis rate of NO2 was close to 0.010 s-1. Rapid ozone formation was observed and ozone 
concentrations reached ~70 ppbV during the experiment. Model calculation showed that in this experiment 
approximately 70 ppbv MEA was depleted by reaction with OH radicals. The ozone formation potential, 
   
Figure 3  Atmospheric photo-oxidation of MEA following hydrogen abstraction from the  -CH2OH group. 
 
   
Figure 4  Atmospheric photo-oxidation of MEA following hydrogen abstraction from the -CH2- group 
 
    
Figure 5 Atmospheric photo-oxidation of MEA following hydrogen abstraction from the NH2-group 
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ΔO3/ΔMEAreac, is therefore ~1 implying that each molecule of MEA reacted produces one molecule of 
ozone. Consequently, MEA is an efficient ozone producer and its ozone formation potential is comparable 
to that of acetaldehyde. The present result confirms the recently reported ozone formation potential of 
MEA [13]. 
4. Conclusions 
The photo-oxidation of MEA was studied in two campaigns at EUPHORE in Valencia, Spain. The 
experimental conditions varied from high-NOx, mimicking the situation near the stack emission point, to 
low-NOx, mimicking clean rural areas, resulting in large differences between the gas phase removal 
processes (photo-oxidation, aerosol formation, wall loss). 
The major products from gas phase photo-oxidation of MEA, identified by various analytical 
techniques, were formamide, NH2CHO, and formaldehyde, CH2O. There is experimental evidence that 
amino acetaldehyde, NH2CH2CHO, and/or 2-imino ethanol, HN=CHCH2OH, and 2-oxo acetamide, 
NH2C(O)CHO were formed as minor products. 
The major product resulting from hydrogen abstraction from the NH2-group is, according to the 
chemistry model, the imine, HN=CH2CH2OH. The atmospheric chemistry of this compound is unknown 
and it was neither detected unambiguously by any of the available on-line analytical instruments nor by 
any off-line methods. Essentially 8 ± 3 % of the mass is therefore unaccounted for in the experiments for 
this reason alone. The quantification of amino acetaldehyde and 2-oxo acetamide is very tentative (there 
are no standards available) and this places a conservative upper limit to the mass unaccounted for to 16 %. 
The MEA nitrosamine, ONNHCH2CH2OH, was not detected in the experiments with the employed 
instrumentation and off line analysis techniques. However, the MEA nitramine, O2NNHCH2CH2OH 
(2-(nitroamino) ethanol), was unambiguously identified as a minor product in the MEA photo-oxidation. 
The product yield of the nitramine, O2NNHCH2CH2OH, varied among the experiments from 3 ‰ to 1.5 % 
depending on the NOx-level in the experiment. The amount of O2NNHCH2CH2OH formed during photo-
oxidation of MEA emitted to the real atmosphere depends on the local mixing ratio of NOx. Typical 
mixing ratios of NOx are 10-1000 ppbV (suburban-urban) and 0.2-10 ppbV (rural) [14]. A realistic US and 
West European urban scenario will currently have around 50 ppbV NOx, and with an average ratio 
NO:NO2 = 1:2 the molar yield of O2NNHCH2CH2OH from MEA photo-oxidation is predicted to be 3-10 
‰ in urban regions and 0.05-3 ‰ in rural regions. 
 
   
Figure 6  Investigation of the ozone formation potential of MEA. Photolysis frequency of NO2, 
jNO2, and the time evolution of MEA, O3 (scaled by a factor of 5) and acetonitrile 
during the photo-oxidation experiment on May 15. 
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